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The origin of the large perpendicular magnetic anisotropy (OS-1 x 10e6 erg/cm3) of 
Ni-polyethelene coevaporated films has been studied. It is indicated that the anisotropy can be 
very well explained by uniaxial anisotropy induced by the large tensile stress (1-3X 10” 
dyn/cm2) through the inverse magnetostrictive effect. Other factors, such as magnetocrystalline 
or shape anisotropy, produce little effect on the perpendicular anisotropy of the films. 
I. INTRODUCTION 
Metal-polymer composite films exhibit unique physical 
properties. Their optical,“2 electricaL and magnetic 
properties4 have been extensively investigated. We have 
studied transition magnetic metal (TM) polyethylene 
(PE) coevaporated films (TM-PE films), and found that 
Fe (Ref. 5) and CoCr-PE6 films become amorphous when 
the carbon content exceeds 9 at. 7% and the coercivity de- 
creases to 1 Oe due to the disappearance of magnetocrys- 
talline anisotropy. On the other hand, Ni-PE films’ are in 
a polycrystalline state with the same carbon content, and 
have a large perpendicular magnetic anisotropy energy of 
1 X lo6 erg/cm3. As the origin of the anisotropy in Ni-PE 
films has yet to be clarified, the temperature dependence of 
the magnetic properties, the crystallographic structures, 
and the internal stress were investigated. 
In this article, we report the experimental results and 
discuss the origin of the perpendicular magnetic anisot- 
row. 
II. EXPERIMENT 
Ni-PE films were prepared by simultaneous coevapo- 
ration of Ni and PE (mean molecular weight 1000) .’ Two 
types of substrates were used: glass for measurements of 
magnetic properties, x-ray diffraction, and internal stress, 
and polyimide film for cross-sectional transmission elec- 
tron microscopy (TEM) observation. 
The vacuum chamber was evacuated to less than 
1 X 10m6 Torr. The substrates were baked at 250 “C for 1 h 
and cooled to the preparation temperature. The Ni and PE 
were evaporated using, respectively, an electron gun and a 
resistance heating method. The carbon content in the 
NGPE films was varied by controlling the ratio of the dep- 
osition rate of the PE to that of the Ni. Details of the 
sample preparation conditions are shown in Table I. 
The film thickness was measured using a surface 
roughness profilometer. The magnetic properties were 
measured using a vibrating sample magnetometer and a 
torque magnetometer in the temperature range of - 195- 
425 “C. Samples were first cooled to - 195 “C under no 
. - ._.. _ .” 
‘)Present address: Research Institute for Scientific Measurements, To- 
hoku University, Katahira 2-1-1, Aoba-ku, Sendai, Miyagi 980, Japan. 
magnetic field. The magnetic properties were measured 
both in the heating process up to 425 “C! and in the cooling 
process down to 50 “C. The temperature measurement was 
kept constant using a gas-flow-type temperature controller. 
The internal stress in the films was determined from 
the curvature of the glass substrates which was measured 
by an optical lever method. 
The crystallographic structures were studied by x-ray 
diffraction (line source: Cuba) . The morphological struc- 
tures were observed using a TEM. The carbon content in 
the films was determined by x-ray photoelectron spectros- 
copy. 
Ill. RESULTS 
The magnetic properties and carbon contents of the 
Ni-PE films are listed in Table II. The sign of the perpen- 
dicular magnetic anisotropy energy (Kl ) without the de- 
magnetization correction is defined to be positive when the 
axis of easy magnetization is in the normal direction of the 
film plane. The temperature dependence of the magnetic 
properties was measured for samples a-h and the internal 
stress for samples i-o. Samples a, b, i, j, and k contain 
0.4-1.9 at. $6 carbon although they were prepared by evap- 
orating only Ni. The reason for this is probably that PE 
molecules that had adhered to the inner wall of the vacuum 
chamber were released by the radiant heat from the molten 
Ni source during evaporation of the Ni, and were incorpo- 
rated into the films. 
A. Magnetic properties 
Figure 1 shows the saturation magnetization (M,) of 
the Ni-PE films at room temperature as a function of the 
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TABLE II. List of substrate temperature r,, film thickness S, saturation 
magnetization M,, perpendicular coercivity HE, , perpendicular magnetic 
anisotropy energy Kr without the demagnetizing correction, and carbon 
content. The sign of KL is detlned to be positive when the axis of easy 
magnetization is in the normal direction of the lilm plane. 
Carbon 
Ts 6 M* f&L KL content 
Sample (“Cl (pm) (emu/cm31 (Oe) (IO5 erg/cm3) (at. %) 
E 150 0.460 29
C 150 0.542 
d 50 0.499 
T 150 0.490 35
: 150 0.587 11425 
i 150 0.402 
j 50 0.450 
k 50 0.395 
1 150 0.456 
m 150 0.411 
n 150 0.316 
























- 6.987 1.0 






carbon content. The M, monotonically and rapidly de- 
creases as the carbon content increases. The MS of the 
Ni-PE films with 6-7 at. % carbon is less than half that of 
bulk Ni, suggesting that the Ni-PE films contain a large 
amount of a nonmagnetic or very weak ferromagnetic sub- 
stance. Figure 2 shows the MS dependence of the perpen- 
dicular coercivity (H,, ) measured in the normal direction 
of the film plane. The Hc, reached a maximum at about 
300 emu/cm3. The Hc, of the Ni-PE films deposited at 
150 “C is a little larger than that of those deposited at 
50 “C. 
The temperature dependencies of the MS, HcL , and KL 
for samples a-h in Table II are shown in Figs. 3-5. The 
temperature dependence of the MS for samples a and b in 
the heating and cooling processes is coincident with that of 
bulk Ni as measured by Weiss and Ferrer.’ The Hcl of 
0 Ts=150% Oh, 
_ 0 Ts= 50% 0 '. 
c 
0- 
0 2 4 6 8 10 
C (at.%) 
FIG. 1. Saturation magnetization (M,) of the Ni-PE films at room tem- 
perature as a function of the carbon content. The open and closed circles 
indicate the M, of the Ni-PE films deposited at the substrate temperatures 
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FIG. 2. Saturation magnetization A4, dependence of the coercivity Hc, of 
the Ni-PE films. The Hcl is the coercivity measured in the normal direc- 
tion of the film plane. The open and closed circles indicate the Hc, of the 
Ni-PE films deposited at the substrate temperatures of 150 and 5O”C, 
respectively. 
samplesa and b is 40-60 Oe up to the Curie temperature of 
bulk Ni (358 “C) and is 0 Oe above this temperature. The 
temperature dependence of the KL of samples a and b 
shows a minimum around 100-200 “C. 
In the case of the Ni-PE Elms (samples c-h), a large 
difference in the temperature dependence of the magnetic 
properties between the heating and cooling processes can 
be observed. The temperature dependence of the magnetic 
properties in the cooling process is in good agreement with 
that of samples a and b. The results indicate that irrevers- 
ible changes occur in the magnetic properties by the heat 
treatment up to 425 “C. Since anomalous increases of the 
MS and Hcl are observed at 150-250 “C in the heating 
600 , , , 
T (“Cl T (“cl 
FIG. 3. Temperature dependence of the saturation magnetization M, for 
samples a-h listed in Table II. The bold and dashed lines indicate the M, 
curves in the heating and cooling processes, respectively. The fme lines 
shown in A and B provide the data on bulk Ni as measured by Weiss and 
Forrer (Ref. 8). 
7444 J. Appl. Phys., Vol. 74, No. 12, 15 December 1993 T. Maro and 0. Kitakami 7444 
Downloaded 24 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp









0 5 10 15 20 25 
-5 'I" 
0 5 10 15 20 25 
T ("C) T (“Cl Ms2 (x104 emu2/cm6) Ms2 ( x 104 emu2/cm6) 
FIG. 4. Temperature dependence of the coercivity Hcl for samples a-h 
listed in Table II. The bold and dashed lines indicate the Ho curves in the 
heating and cooling processes, respectively. 
process in Figs. 3 and 4, it can be supposed that the irre- 
versible changes occur in this temperature region. 
The relations between the intrinsic perpendicular an- 
isotropy energy ( Ku1 =K, +2%-M:) and M: for samples 
a-h are shown in Fig. 6. The KuI of the Ni-PE films in the 
heating process is nearly in proportion to the M: in the 
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FIG. 5. Temperature dependence of the perpendicular magnetic anisot- 
ropy energy KL for samples a-h listed in Table II. The bold and dashed 
lines indicate the Kl curves in the heating and cooling processes, respec- 
tively. 
FIG. 6. Relation between the intrinsic perpendicular magnetic anisotropy 
energy (Ku, =KL +2d$) and Mz for samples a-h. The solid and 
dashed lines indicate the relations in the heating and cooling processes, 
respectively. The bold part in the solid lines indicates data for the range 
of - 190-I 50 “C. 
content increases. The results imply that the origin of the 
perpendicular magnetic anisotropy is due to shape anisot- 
row. 
As mentioned above, the Ni-PE coevaporated films 
have higher perpendicular anisotropy than the Ni films 
when they incorporate several atomic percent of carbon 
from polyethylene. Such large perpendicular anisotropy di- 
minishes with the heat treatment up to 425 “C!. 
B. Structures of Ni-PE films 
Figure 7 shows x-ray diffraction patterns of the Ni-PE 
film (sample h) before and after the heat treatment. All 
I I I I I 
I 
X-ray diffraction pattern of 
randomly oriented Ni powder 
60.0 
2 0 (deg.) 
FL. 7. X-ray diffraction patterns of the Ni-PE film (sample h) (a) 
before and (b) after the heat treatment. 
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observed peaks are attributed to polycrystalline Ni. The 
peaks observed before the heat treatment are broader and 
weaker than those observed thereafter. This indicates that 
the Ni crystallites before the heat treatment are very small 
and that these crystallites grow via the treatment. Figure 8 
shows a cross-sectional TEM view of a Ni-PE film pre- 
pared under the same deposition conditions as sample h. 
The film has a columnar structure with each column con- 
sisting of many micrograins of 100-200 A. 
In Sec. III A it was suggested that the Ni-PE films 
contain a large amount of the nonmagnetic or very weak 
ferromagnetic substance. No peaks attributed to such a 
substance were observed in the x-ray diffraction patterns. It 
is therefore considered that the Ni-PE films consist of mi- 
crocrystalline Ni and much smaller microcrystalline or 
amorphous Ni compounds with very weak or no magne- 
tism. 
C. Internal stress 
Figure 9 shows the M, dependence of the internal 
stress of Ni-PE films (samples i-o). The Ni-PE films have 
tensile internal stresses as large as 1-3 X 10” dyn/cm’. The 
values are 10-100 times larger than those of Ni films pre- 
pared by triode and diode sputtering methods.’ This result 
suggests the possibility that the inverse magnetostrictive 
effect contributes to the large perpendicular anisotropy of 
the Ni-PE coevaporated films. 
IV. DISCUSSION 
The relationship between the Ku, and iU: in Fig. 6 
suggests that the origin of the perpendicular anisotropy of 
the Ni-PE films is related to shape anisotropy. The exist- 
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FIG. 9. Saturation magnetization M, dependence of the internal stress 
(u) in the Ni-PE films (samples i-o) listed in Table II. 
the induced anisotropy by the inverse magnetostrictive ef- 
fect also contributes to the perpendicular anisotropy. 
In this section we discuss the origin of the perpendic- 
ular magnetic anisotropy of the NGPE coevaporated films. 
A. Shape anisotropy 
The existence of the columnar structure shown in Fig. 
8 suggests that the shape anisotropy due to this structure 
contributes to the perpendicular anisotropy of the Ni-PE 
films. To examine this possibility, we calculated the shape 
anisotropy based on the simplified model shown in Fig. 10, 
where Ni prisms are separated from each other by a non- 
magnetic substance. The shape anisotropy energy for this 







Xsin2 D+d - I-exp - 
1 ( 
2a(m2+n2)“2L )I1 D-j-d ’ (1) 
where MsNi is the saturation magnetization of the prisms 
(bulk Ni), L is the height of the prisms (film thickness), 
D the length of the prism side, and d the gap between the 
prisms. From the cross-sectional TEM view in Fig. 8, L 
and D+d were set to 5000 and 100 A, respectively. The 
quantity d/D is determined by Fq. (2) which expresses 
that the ratio of the saturation magnetization of the film to 
that of bulk Ni is equal to the volumeric packing ratio of 
the Ni prisms in the film, 
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FIG. 10. Columnar structure model for calculating the shape anisotropy. 
The prisms are infinitely distributed in a grid pattern. The dimensions 
of any prism are DX DX L. The gap length between the prisms is d 
(Ref. 10). 
MsNimpE/MsNi= V&V=D2/( D+d)2, (2) 
where JGNi.,, and M,sni are the saturation magnetizations 
of the Ni-PE films and bulk Ni, respectively, V the total 
volume of the film, and VNi the volume of the Ni prisms. 
Figure 11 shows the MS dependence of the calculated shape 
anisotropy energy (K, ca,c) along with experimental data 
on the Ni-PE films. KL ca,c is positive in the range of O-160 
emu/cm3. In the whole saturation magnetization range, 
the KJ. is much larger than KL ca,c. Consequently, the con-, 
tribution of the shape anisotropy to the perpendicular an- 
isotropy of the NGPE films appears to be very small. 
B. Magnetocrystalline anisotropy 
A very weak preferential orientation of Ni( 111) par- 
allel to the substrate was observed in the x-ray diffraction 
pattern [Fig. 7(a)]. It is necessary to take into account the 
magnetocrystalline anisotropy of the Ni crystal since the 
axis of easy magnetization lies in the ( 111) axis. The mag- 
netocrystalline anisotropy energy Kcrys averaged around 
the principal axis (Ni( 111) ) is expressed as 
Kc,,=KI($ sin”f3-$ sin2 6) 
+K2( -$ sin6 0+& sin4 13-g sin2 e), 
K1 = - 5.7 X lo4 erg/cm3, 
(3) 
K2= -2.3 x lo4 erg/cm3, 
where K,, K2 are the magnetocrystalline anisotropy con- 
stants of bulk Ni,” and 8 is the angle between the magnetic 
moment vector and Ni( 111). A full derivation of Eq. (3) 
is given in the Appendix. Assuming that the Ni-PE films 
consist of Ni crystallites and the nonmagnetic substance, 
the magnetocrystalline anisotropy energy of the Ni-PE 
films CKwsNi.pE> can be expressed as follows: 
K 
“ysNi-PE = ( vNi/ VI Kcrys = CMsNimpJMsNi > Kay 2 (4) 
where VNi is the volume of Ni crystallites and V the total 
volume of the film. If Ni( 111) perfectly orients to the 
normal direction of the film, KcvsNispE is obtained by sub- 
stituting Kcrys in Eq. (3) into Eq. (4). The difference of 
Kcrys between the maximum and minimum value is calcu- 
lated to be 1.1 X lo4 erg/cm3. Taking into account the facts 
that MSNimpz/MSNi < 1 and that the orientation of Ni( 111) to 
0 lL(Ts-150%) 
.- 
0 loo 200 300 400 500 
Ms (emu/cm31 
FIG. 11. Saturation magnetization MS dependence of the induced anisot- 
ropy energy (&,,J calculated by Eqs. ( 1) and (2) and -2?rM$ Exper- 
imental data on the perpendicular anisotropy energy KL (0, 0) are also 
plotted. 
the film normal is not good, KCrYSNisPE is far smaller than the 
observed perpendicular anisotropy energy (OS-1 X 10m6 
erg/cm3) of the Ni-PE films. The magnetocrystalline an- 
isotropy of Ni scarcely contributes to the perpendicular 
anisotropy of the Ni-PE films. 
C. induced anisotropy by inverse magnetostrictive 
effect 
Magnetic anisotropy can be induced in the film by an 
internal stress through the inverse magnetostrictive effect. 
The anisotropy energy K, induced by the inverse magne- 
tostrictive effect is given by the following equation for the 
assembly of randomly oriented particles: 
K,=;A/za, (5) 
where d is the magnetostriction constant and B the stress. 
Assuming that the Ni-PE films are composed of Ni crys- 
tallites and the nonmagnetic substance, perpendicular an- 
isotropy can be induced in the Ni-PE films through the 
inverse magnetostrictive effect since these films have large 
tensile internal stress (Fig. 9) and the magnetostrictive 
constants ill,, and /2,, of bulk Ni are negative.12 The in- 
duced magnetic anisotropy of the Ni-PE films KsNi-,, by the 
inverse magnetostrictive effect is calculated by the follow- 
ing equation: 
GNi.,, = C~sNi.pE~~sNi )Ks. (6) 
To calculate the energy, data on the internal stress in Fig. 
9 and the magnetostrictive constant of isotropic polycrys- 
talline Ni(32.9x 10m6) (Ref. 12) are adapted. The 
KsNimpE and Ku1 of the Ni-PE films are plotted against MS in 
Fig: 12. The MS dependence of the KsNimp, is coincident with 
that of the KuL except for the higher MS region above 400 
emu/cm3. The reason for the difference between the 
KsNim,, and Ku1 in this region is now being investigated. 
Corner and Hunt13 measured the temperature depen- 
dence of the magnetostriction constants illi and il,, of 
bulk Ni, and found that these constants are proportional to 
the square of the saturation magnetization. Assuming that 
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us (enu/cn3) FIG. 13. Coordinate systems. The x, y, and .z axes in the S(XJ,Z) coor- 
dinate system are taken along with the principal axes of a cubic crystal. 
The x’-y’ plane in the S’(x’,/,z’) coordinate system is taken on the 
FIG. 12. Saturation magnetization MS dependence of the induced anisot- 
ropy energy (KSNi-rs) ( x ) by the inverse magnetostrictive effect and the 
(111) plane and the x’ and z’ axes are taken along with the [IlO] and 
[l 1 l] axes, respectively. The magnetization vector has an inclination angle 
0 and an azimuthal angle I$ in the S’ coordinate system. 
intrinsic perpendicular magnetic anisotropy energy (KU, ) (0, 0). 
the internal stress of the Ni-PE films is constant in the 
temperature range of - 195-150 “C!, the temperature de- 
pendence of the KsNimpE is as follows: 
Kst4i.PE c /zff c7z @Ni., . (7) 
The relation between the Ku1 and M,” (bold lines in Fig. 6) 
in the temperature range of - 195-150 “C can be explained 
by Eq. (7). 
Conclusively, it is considered that the uniaxial induced 
magnetic anisotropy by the inverse magnetostrictive effect 
plays an important role in originating the perpendicular 
anisotropy of the Ni-PE films. 
V. CONCLUSIONS 
To investigate the origin of perpendicular anisotropy of 
the Ni-PE films, the temperature dependence of the mag- 
netic properties (M,, H,, , and KL ), the crystallographic 
structures and the internal stress were measured. Our ex- 
perimental results and considerations on the origin of the 
anisotropy allow us to draw the following conclusions. 
(i) The saturation magnetization at room temperature 
of Ni-PE films rapidly decreases as the carbon content 
increases. The magnetic properties change irreversibly by 
the heat treatment up to 425 “C. In x-ray diffraction mea- 
surement of the Ni-PE films, all observed peaks before and 
after the heat treatment can be attributed to polycrystalline 
Ni. The peaks observed before the treatment are broader 
and weaker than those observed thereafter. According to 
the results, it is considered that the Ni-PE films are com- 
posed of microcrystalline Ni and microcrystalline or amor- 
phous Ni compounds whose magnetism is very weak or 
nonexistent. 
(ii) The Ni-PE films have tensile internal stresses as 
large as l-3 x 10” dyn/cm’. 
(iii) According to the data on the dependence of the 
perpendicular magnetic anisotropy of the Ni-PE films on 
saturation magnetization and temperature, the anisotropy 
is considered to be induced by the internal stress in the 
films through the inverse magnetostrictive effect. 
APPENDIX 
Let us take the two orthogonal coordinate systems of 
S(xzy,z) and S’(x’y’,z’) as shown in Fig. 13. The x, y, and 
z axes in the S coordinate system are taken along with the 
principal axes of a cubic crystal. The x)-y’ plane in the S’ 
coordinate system is on the ( 111) plane, and the x’ and z’ 
axes are taken along with the [ 1701 and [ 11 l] axes, respec- 
tively. The relationship between the two sets of the direc- 
tion cosines of these coordinate systems is given as follows: 
where (aI,a2,a3) and (ai,a;,a$) are the sets of the direc- 
tion cosines of the S and S’ coordinate systems, respec- 
tively. When the magnetization vector M has an inclina- 
tion angle 8, an azimuthal angle (f, in the S’ coordinate 
system and a set of the direction cosines (ai,a$,aj) with 
respect to the S’ coordinate system, these direction cosines 
are expressed as follows: 
a;=sin 8 cos 4, ai=sin 8 sin 4, a;=cos 8. 642) 
The magnetocrystalline anisotropy K for cubic crystal is 
given in terms of the direction cosines (a, ,a2,a3) with 
respect to the S coordinate system as 
K=K1(afa~+aqa~+a:a~)+K2afa:a:+*.*, (A3) 
where K, and K, are the magnetocrystalline constants. 
Substituting the two relations [Eqs. (Al) and (A2)] 
into Eq. (A3), and averaging the energy K over the range 
of 4 from 0 to 27r, we obtain the following equation [Eq. 
(3) of the main text]: 
Kcrys=K,(& sin4 8-i sin* 67) 
+K2( -f sit? 8+& sin4 CL-$ sin* 0). 
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